The U.S. Renewable Fuel Standard (RFS) requires blending increasing quantities of biofuels into theU.S. surface vehicle fuel supply. In 2013, the fraction of ethanol in the gasoline pool effectively reached10%, the ethanol capacity of the dominant U.S. gasoline blend (the "E10 blend wall"). During 2013-2015,the price of RINs-tradeable electronic certificates for complying with the RFS-fluctuated through a wide range, largely because of changes in actual and expected policy combined with learning about the implications of the E10 blend wall. RINs are sold by biofuels producers and purchased by obligated parties (refiners and importers), who must retire RINs in proportion to the petroleum they sell for surface transportation. As a result, RINs in effect serve as a charge on obligated fuels and a corrective subsidy for lower-carbon renewable fuels, and are neutral for fuels outside the RFS. In theory, RIN prices provide incentives to consumers to use fuels with a high renewable content and to biofuels producers to produce those fuels, and as such are a key mechanism of the RFS. This paper examines the extent to which RIN prices are passed through to the price of obligated fuels, and provides econometric results that complement the graphical analysis in Burkholder (2015) . We analyze daily data on RINs and fuel prices from January 1, 2013 through March 10, 2015. When we examine wholesale prices on comparable obligated and non-obligated fuels, for example the spread between diesel and jet fuel in the U.S. Gulf, we find that that roughly one-half to three-fourths of a change in RIN prices is passed through to obligated fuels in the same day as the RIN price movement, and this fraction rises over the subsequent few business days. Using six different wholesale spreads between obligated and non-obligated fuels, we estimate a pooled long-run pass-through coefficient of 1.01 with a standard error of 0.12.
Introduction
The U.S. Renewable Fuel Standard (RFS) requires the blending of increasing quantities of biofuels into the U.S. surface vehicle transportation fuel supply. Developed initially in 2005 and expanded in the Energy Independence and Security Act (EISA) of 2007, the goals of the RFS program are to reduce both greenhouse gas emissions and US dependence on oil imports.
The RFS requirements are met through a system of tradable compliance permits called RINs ("Renewable Identification Numbers").
RINs are generated when a renewable fuel is produced or imported and are detached when the renewable fuel is blended with petroleum fuel for retail sale, at which point RINs can be traded. Refiners and refined-petroleum product importers ("obligated parties") must hand in ("retire") RINs annually to the U.S. Environmental Protection Agency (EPA) in proportion to the number of gallons of non-renewable fuels they sell into the surface transportation fuel pool. The sale of a RIN by a biofuel producer to an obligated party serves as a tax on petroleum fuels and a corrective subsidy to renewable fuels, and is revenue-neutral across the fuel market as a whole. This paper examines the extent to which RIN prices are passed through to wholesale and retail fuel prices. This question is of interest for several reasons. First, if RIN prices are less than fully passed through to wholesale fuel prices, then an obligated party with a net RIN obligation is left with net RIN price exposure, so that an increase in RIN prices creates a financial burden on the obligated party that is not recouped by higher refined product prices. Second, the goal of the RFS is to increase the consumption of renewable fuels, and in theory the market mechanism whereby that happens is by RIN prices passing through to reduced pump prices for fuels with high renewable content and to increased pump prices for fuels with low renewable content. Thus a central question for the RFS is whether this pass-through of RIN prices occurs at the retail level. Third, a more general question on which there is a large literature concerns the passthrough of costs to wholesale and retail fuel prices. The costs studied here, RIN prices, fluctuate substantially on a daily basis, providing an opportunity to estimate dynamic pass-through relations at the daily level.
Through 2012, RIN prices were low, and the RIN market received little public attention.
Starting in the winter of 2013, however, RIN prices rose sharply in response to an enhanced understanding that the RFS volumetric standards were approaching the capacity of the fuel 4 supply to absorb additional ethanol through the predominant blend, E10, which is up to 10% ethanol, referred to in the industry as the "E10 blend wall." Throughout 2013-2015, RIN prices fluctuated through a wide range. These fluctuations have been widely and convincingly attributed by market observers and academics as stemming from the E10 blend wall combined with policy developments concerning the direction of the RFS (Irwin (2013a (Irwin ( ,b, 2014 , Lade, Lin, and Smith (2014) ). As a result, these RIN price fluctuations serve as an exogenous source of variation that allows us to identify RIN price pass-through.
The question of RIN price pass-through to retail fuels has been addressed recently by the EPA in the context of its proposed rule for the 2014, 2015, and 2016 standards under the RFS (Burkholder (2015) ). That work examines the link between RIN prices and refined fuels by examining the relationship between price spreads on physically comparable fuels with different RIN obligations to the value of the net RIN obligation of that spread. For example, diesel fuel and jet fuel have similar chemical compositions, but diesel fuel is obligated under the RFS whereas jet fuel is not. Thus the spread between the spot prices of diesel and jet fuel, both in the U.S. Gulf, provides a comparison that in theory should reflect the price of the RIN obligation of diesel fuel under the RFS while controlling for factors that affect the overall price of oil, local supply disruptions, and evolving features of the petroleum market that might affect the dieselgasoline spread or the crack spread. In the retail market, Burkholder (2015) also examines the spread between E85, a fuel with between 51% and 83% ethanol, and E10, the dominant fuel during this period, which contains up to 10% ethanol. As is explained in the next section, during this period the net RIN obligation from blending E10 is essentially zero, so Burkholder (2015) also examines the effect of daily RIN price fluctuations on E10 prices. This paper complements the analysis in Burkholder (2105). Burkholder's (2015) analysis is based on inspection of time series plots. The main contribution of this paper is to use econometric methods to estimate the extent of pass-through, to estimate pass-through dynamics, and to quantify the sampling uncertainty of these estimates. Like Burkholder (2015) , we examine the link between fuel price spreads and the value of net RIN obligation of those fuels. We also use a longer data set and examine some wholesale spreads between obligated and non-obligated fuels not examined in Burkholder (2015) . 1 1 For diesel, these spreads are the spread between U.S. diesel and jet fuel (both in the Gulf; diesel is obligated but jet fuel is not) and U.S. diesel and diesel sold into the European market (and thus not subject to the RFS), specifically
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The empirical analysis in this paper examines both the long-run pass-through coefficient and the short-run pass-through dynamics. We examine the long-run pass-through using levels regressions. Because many of these prices fluctuate seasonally, our base specifications control for seasonality. Even in thick wholesale markets, this pass-through might not be immediate for various reasons including information lags. We therefore examine the dynamic pass-through of RIN prices using both structural vector autoregressions and distributed lag regressions. This paper also relates to the substantial literature estimating the pass-through of changes in crude oil prices to retail prices, as well as whether this pass-through depends on the direction of the change in crude prices; see, for example, Borenstein et al. (1997) , Bachmeier and Griffin (2003) , and Lewis (2011) . Relative to this literature, the contribution of this paper is to examine pass-through for this specific cost which is central to the design and operation of the RFS, and to provide additional evidence on price pass-through dynamics at the daily level.
Section 2 provides additional background on RINs, the RFS program, and RIN obligations. Section 3 describes the data. The regression methods and results are presented in Section 4, and Section 5 concludes.
RINs and the RFS Program
The RFS program divides renewable fuels into four nested categories: total renewable, advanced, biomass-based diesel (BBD), and cellulosic. Under the EISA, each of these four categories has its own volumetric requirements, which the EPA translates into four corresponding fractional requirements through annual rulemakings. As is shown in Figure 1 , these categories are defined by the reduction in life-cycle emissions of greenhouse gasses (GHGs), relative to petroleum, by feedstock, and by fuel characteristics.
Production of renewable fuels generates RINs, and there are four types of RINs corresponding to the different categories of fuel under the RFS: cellulosic fuels generate D3 RINs, BBD generates D4 RINs, advanced non-cellulosic non-BBD fuels generate D5 RINs, and conventional fuels (renewable fuels that meet the 80% lifecycle GHG emissions reduction the New York Harbor diesel -Rotterdam diesel spread and the U.S. Gulf diesel -Rotterdam diesel spread. For gasoline, these spreads are the New York Harbor RBOB (reformulated blendstock for oxygenate blending) -Euro-BOB spread (RBOB is obligated, Euro-BOB is not), and the spread between New York Harbor RBOB -Brent oil and Los Angeles RBOB -Brent oil.
requirement, but do not qualify as advanced biofuels) generate D6 RINs. During the period of the data, most of the renewable fuels produced were conventional (primarily corn ethanol), followed by biomass-based diesel and advanced biofuels. As a fraction of the overall market, a negligible amount of cellulosic biofuels were produced during this period so D3 RINs are ignored for the empirical analysis here.
The annual RFS regulations specify that for each gallon of petroleum fuel (diesel or gasoline) blended into the fuel supply, a minimum fraction of a gallon of each category of renewable fuels must also be blended. Compliance with this mandate is demonstrated by turning in RINs with the EPA. The compliance system is nested, so a D4 RIN can be used to demonstrate compliance with the BBD mandate, the Total Advanced mandate, or the Total Renewable mandate. Similarly, a D5 RIN can be used to demonstrate compliance with the Total Advanced or Total Renewable mandate. A D6 RIN can only be used to demonstrate compliance with the Total Renewable mandate. During 2013, there were 13,351 million D6 RINs generated, almost entirely from corn ethanol, there were 558 million D5 RINs generated, slightly over 80% of which were produced by advanced non-cellulosic ethanol (mainly Brazilian cane ethanol), there were 2,739 million D4 RINs, corresponding to 1,765 million wet gallons of biomass-based diesel, and there were 0.4 million D3 RINs generated. For the purpose of the empirical research in this paper, this was a period of high RIN price volatility, primarily in 2013 but also, to a lesser extent, in 2014-15. In the winter of 2013, D6 RIN prices rose from under $0.10 to much higher prices, hitting at $1.40 in the summer of 2013 before falling back to under $0.30 in the late fall of 2013. Prices were more stable during 2014, although they rose in the winter of 2014-15. As discussed in Burkholder (2015) , the initial rise in RIN prices in the winter of 2013 stemmed from increasing market awareness that the RFS standards were approaching or exceeding the so-called E10 blend wall, the amount of ethanol that can be blended into E10, the dominant blend of gasoline which is up to 10% ethanol. As is suggested by the event markers in Figure 2 and as is discussed in detail by Irwin (2013a Irwin ( ,b, 2014 and Lade, Lin, and Smith (2014) , the subsequent variations in RIN prices arose in large part because of changing expectations about future RFS policy, including a leaked proposal for 2014 volumes, a 2014 proposal which was never finalized, and EPA public statements indicating evolving policy, and repeated delays of proposed standards for 2015. More generally, the 7 movements in RIN prices over this period were not linked to economic growth, shifts in diesel vs. gasoline demand, or other features that might affect price spreads between obligated and nonobligated fuels other than through RIN prices themselves.
Two additional features of the RIN prices in Figure 2 bear comment. First, because of the nested structure, the RIN prices satisfy the inequalities, P D4  P D5  P D6 . Second, during most of this period, the three RIN prices tracked each other closely. The reason for this is that during most of this period, biodiesel was being produced in excess of its volumetric requirement and D4
RINs were being used to satisfy the total advanced and total renewable requirements.
Fractional RIN obligation. During the time period of our data, the only fractional standards that were subject to a final rulemaking were the 2013 standards. For each gallon of petroleum gasoline or diesel sold into the surface fuels market, the 2013 standards required retiring with EPA 0.0113 D4 RINs to meet the BBD standard, 0.0162 D4 or D5 RINs to meet the Total Advanced standard, and 0.0974 D4, D5, or D6 RINs to meet the Total Renewable standard; because of the RFS nesting structure, a D4 RIN retired to meet the BBD standard also counts towards the Total Advanced and Total Renewable standard. Assuming the Total Advanced residual requirement is met by turning in 0.0049 (= 0.0162 -0.0113) D5 RINs and the Total Renewable residual (i.e. conventional) requirement is met by turning in 0.0812 (= 0.0974 -0.0162) RINs, the value of the 2013 RIN obligation to an obligated party, per gallon of petroleum fuel sold into the transportation market, is:
where P D4 , P D5 , and P D6 are the price of a D4, D5, and D6 RIN, respectively. 2 Because each of the wholesale spreads is the price difference between an obligated fuel and an exempt fuel, the value of the per-gallon RIN obligation in (1) is the predicted per-gallon RIN price effect on each of the wholesale spreads.
The predicted RIN price obligation on retail fuels depends on the fractions of gallons of petroleum and renewable fuel blended into a gallon of retail fuel. Specifically, we also examine the pass-through of RIN prices to retail (pump) prices of E10 and E85 (which can be between 51% and 83% ethanol 
For example, if the prices of D4, D5, and D6 RINs are all one dollar, then the price of the RIN bundle is 0.097, the net E10 RIN obligation is -0.012, and the net E85 RIN obligation is -0.715.
For RIN prices observed since 2013, the basic pattern is that the net E10 RIN obligation is near zero and negative, while the net E85 RIN obligation is large and negative. Diesel, which is not considered in this study, has a small positive net RIN obligation over this period.
The price of the net RIN obligation for the E85-E10 spread is the difference in the net RIN obligation prices of the respective fuels:
= Net E85 RIN obligation price -Net E10 RIN obligation price.
The Data and Descriptive Statistics
The data consist of daily fuel and D4, D5, and D6 RIN prices from January 1, 2013 to March 10, 2015. Prices on D4, D5, and D6 RINs are from Progressive Fuels Limited (PFL). (2) and (3) make two approximations: (a) all the ethanol blended into E10 and E85 is conventional (corn) ethanol, however in reality some of this ethanol is cane ethanol that generates a D5 RIN; (b) all biodiesel generates D4 RINs, however in reality some biodiesel generates D5, D6, and D7 RINs. However the omitted volumes are small so these approximations have negligible effect on the predicted net RIN obligation prices. 4 RIN price data from PFL are proprietary. PFL can be reached online at www.progressivefuelslimited.com and by phone at 239-390-2885. Our PFL data end November 30, 2014, and were filled in using OPIS data. The OPIS data has some missing values (most notably D5 prices for January 2015), which were filled in using Bloomberg. Some missing values remained, all for D5 RINs in January 2015, and those missing values were filled in using data from the most recent nonmissing trading day. These RIN prices are traded prices and do not necessarily reflect prices embedded long-term contracts for RINs. Weekends and U.S. holidays were dropped, so the resulting data are for U.S. business days. In some cases we aggregate the data to weekly, by which we mean five consecutive business days.
From these data, we constructed six wholesale spreads and one retail spread (E85-E10)
which, along with changes in E10 prices, are the focus of the analysis. Recall that obligated fuels are those sold for use in the surface transportation sector in the United States; non-obligated fuels are fuels used in Europe and fuels used domestically for purposes other than surface transportation, such as jet fuel. The wholesale prices are the price differences, in dollars per gallon, between a fuel that is obligated under the RFS and a similar fuel that is not obligated:
Diesel spreads
Gulf diesel-jet fuel spread = Ultra-low sulfur No. 2 diesel spot, U.S. Gulf -Jet fuel, U.S. In addition, we consider the retail fuel E85-E10 spread (= E85 price -E10 price).
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Summary statistics. Table 1 provides the mean and standard deviation of the seven spreads, the E10 price, and the net RIN obligations. The standard deviations of the wholesale refined product spreads over this period are less than $0.10. The RBOB-Brent spreads have a larger standard deviation, reflecting in part seasonal movements in RBOB. The value of the net RIN bundle for these wholesale fuels averaged $0.056 over this period, with a standard deviation which is one-half to one-fourth that of the refined product spreads. The largest fluctuations are in the E10 price, which moved significantly over this period both for seasonal reasons and because of the sharp drop in oil prices starting in July 2014. The net RIN obligation on the E85-E10
spread is large and negative, averaging $0.393/gallon over this period. Notably, the standard deviation of the E85-E10 net RIN obligation exceeds the standard deviation of the E85-E10
spread by one-fourth; this large variation in the E85-E10 net RIN obligation this sample provides
an opportunity for precise estimation of RIN pass-through to E85. The fact that the standard deviation of the E85-E10 net RIN obligation exceeds that of the spread is suggestive of incomplete pass-through, however in principle this inequality also could arise with complete long-run pass-through where the retail spread smooths out high frequency fluctuations in the net RIN obligation, a possibility examined in the regression analysis in the next section. Third, while the range of variation of the diesel spreads is roughly the same as the RIN price obligation, the BOB and retail spreads vary over much larger ranges than the RIN price obligation, consistent with the standard deviations in Table 1 .
Consistent with the analysis in Burkholder (2015) , the wholesale spreads in Figures Because of delays in pricing in retail fuels markets, the scatterplots for the retail fuels in Figure 8 show the weekly change in the E85-E10 spread (upper) and the change in the E10 price (lower) against the prior-week change in the net RIN obligation price. In contrast to the wholesale fuel scatterplot, the E85-E10 scatterplot shows very little evidence of pass-through, at least at this relatively short time lag. Because E10 has a net RIN obligation of approximately zero under the 2013 RFS standards, theory suggests that there would be little relationship between changes in RIN prices and changes in E10 prices, and the E10 scatterplots in Figure 8 are consistent with this theoretical prediction of no relationship, whether the data are seasonally adjusted or not. 9 These scatterplots, however, are not able to capture fully the dynamics of the RIN price-spread relationship; doing so requires turning to time series regressions.
Time Series Analysis: Methods and Empirical Results
We now turn to time series regression analysis of the relation between changes in the spreads and changes in the price of the net RIN obligation. The first set of specifications estimate levels relations with no lags which, as is discussed further below, have the interpretation of estimating the long-run pass-through coefficient. The second set of specifications uses vector autoregressions to estimate pass-through dynamics. In the vector autoregressions, the dynamic effect of a RIN price shock is identified by assuming that the shock to the RIN bundle is exogenous at the daily level. Finally, as a specification check we present a third set of results in which the dynamic pass-through is estimated using distributed lag regressions. In all cases, we initially present results for each spread individually. Generally speaking, we find that the passthrough coefficients and their dynamics are similar across wholesale spreads, but are estimated imprecisely. Because the pass-through theory does not differentiate among wholesale spreads, and because the markets are connected and have overlapping participants, we therefore estimate pooled specifications for the wholesale spreads in which the pass-through coefficients are constrained to be the same across spreads.
Because of the seasonal movements in many of the prices, and because the 2013 RIN price increase in the spring and decline in the fall coincides with some seasonal fuel patterns, in all specifications the leading cases include seasonal adjustment. A typical method for seasonally adjusting monthly data is to include 11 monthly indicator variables, however with these daily data, monthly indicators would induce jumps between months. Instead, we use sines and cosines evaluated on calendar days at the first four seasonal harmonic frequencies.
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Levels specifications. We begin by investigating the long-run pass-through relation between the level of the net RIN obligation price and the spreads, which is the focus of the discussion in Burkholder (2015) .
Visual inspection of Figures 2-5 indicates that, for the relatively short data span at hand, there are long swings (low-frequency movement, or persistence) in both the spreads and RIN prices. It is natural to expect the spreads to be revert to a mean value over a sufficiently long period, that is, for the spreads to be stationary. Over the short sample at hand, however, the assumption of stationarity might not be a good statistical description of these series. A large body of econometric methods and practice has developed around handling time series data with lowfrequency movements. The benchmark approach is to ascertain whether the series at hand are integrated of order zero or one and, if they are integrated of order one, whether they are cointegrated, that is, have common long-term movements. If the series are stationary but have long-term comovements, as is evident in the time series plots, or if the series are cointegrated, then regressions of the level of the spread on the level of the net RIN obligation price produce estimates of the long-term coefficient linking the two series, which in this case is the long-term pass-through coefficient. appear to be well-approximated as having a unit root over the full sample. 11 As can be seen in Table 2 , there is more evidence against the unit root model for the spreads, with all but 3 of the 12 unit root tests for wholesale spreads rejecting the unit root null at the 10% level. The notion that the RIN obligation price and the spread have different orders of integration is internally inconsistent and makes these results difficult to interpret. This said, five of the six cointegration tests reject non-cointegration, which suggests that if the unit root model is adopted then the assumption of cointegration is appropriate. With the preponderance of tests rejecting the unit root model, we focus on levels regressions estimated by OLS. Under the assumption that RIN prices are exogenous, inference on the OLS estimator is valid even if the series are cointegrated, however in that case the OLS estimator will be an inefficient estimator of the long-run relation.
As a check, we therefore also report levels regressions estimated using the dynamic OLS (DOLS) efficient cointegration estimator.
We now turn to the levels regression results for the six wholesale spreads. In all specifications, the units of the spread and the RIN price obligation align, so that a coefficient of 1 corresponds to perfect pass-through. Five features of the wholesale spread regression results in Table 2 are noteworthy.
First, for the base specification in row (1) (OLS in levels with the seasonal controls), the estimated coefficients range from 0.68 to 1.57. There is, however, a wide range of precision of the estimates, ranging from a tight standard error of 0.14 for the Gulf diesel-Rotterdam diesel spread to 0.70 for the L.A. RBOB-Brent spread. This precision is consistent with the large non-RIN variation in several of these series evident in Figures 3 and 4.
Second, there are only small differences between the DOLS and OLS estimators. This finding is consistent with the price of the RIN obligation being exogenous and indicates robustness of the long-run pass-through coefficient to whether the series are modeled as cointegrated.
Third, for most of the series the estimated pass-through coefficient is sensitive to whether seasonals are included (compare regressions (4) and (1)). Because the seasonal coefficients are strongly statistically significant for all the spreads and, as discussed above, ignoring seasonals has the potential for confounding movements in RIN prices with normal seasonal movements in the spreads, we will focus on the results that include the seasonal variables.
Fourth, the subsample estimates are far more precise for 2013 than for 2014-15, consistent with 2013 being the period with the greatest fluctuation in RIN prices. Because these regressions span only a year, or just over a year, they do not include seasonal variables so serve here to confirm that most of the variation in the data is arising from the first half of the sample.
Fifth, regression (3) augments the base set of seasonals (the first four harmonics) with two additional harmonics, so that they would be equivalent to monthly indicators in monthy data.
Although using the base set of seasonal variables matters substantially for the results, the differences between using the base set and the augmented set of seasonal variables are negligible.
A straightforward interpretation of the theory of pass-through provides no reason to think that the RIN pass-through should differ across the wholesale spreads, each of which compare an obligated fuel to a non-obligated counterpart. Table 3 therefore presents pooled levels regression in which the pass-through coefficient is constrained to be the same across series (all other coefficients, including seasonals, are unconstrained).
The pooled levels regression results in Table 3 present strong evidence in favor of a precisely estimated unit pass-through coefficient. The regressions in Table 3 are for the three specifications in Table 2 that include seasonals. As expected, pooling improves the precision of the estimators, especially for the RBOB spreads. For diesel, the estimated pass-through coefficient is slightly greater than one, while for gasoline it is less than one, but in all cases it is within one standard deviation of one. When the six wholesale spreads are pooled, the long-run pass-through coefficient is estimated to be 1.01 using OLS or DOLS with the base set of seasonal variables, with a standard error of 0.12.
The results for the E85-E10 retail spread, given in the final two columns of Table 2 , are quite different than for the wholesale spreads. Three features of the E85-E10 results are noteworthy. First, regardless of the specification, the pass-through coefficient is in all cases small (the negative coefficients for 2014-15 are relatively imprecisely estimated and do not include seasonals so we put little weight on these estimates). Second, because of the large variation in the E85-E10 net RIN obligation price, the pass-through coefficients estimated using the full sample, and using the 2013 subsample, are all precisely estimated. Third, the results are sensitive to 16 whether seasonals are included. Unfortunately, unlike the wholesale spreads historical data on E85 prices are spotty and we are unable to examine historical seasonal fluctuations in the E85-E10 spread. Because the average ethanol content of E85 varies seasonally, and because ethanol is less expensive than petroleum gasoline on a volumetric basis for most of this sample period, one would expect seasonal fluctuations in the E85-E10 spread and indeed the seasonal coefficients in the E85-E10 regressions are strongly statistically significant. These considerations lead us to put greater weight on the regressions including seasonals. Fourth, consistent with the gasoline passthrough literature, one would expect a delay between changes in the net RIN obligation price and when it shows up in retail prices, even with perfect long-run pass-through. The final column in Table 2 therefore presents regressions in which the net RIN obligation price is replaced by its value 20 business days (approximately one month) prior. With this modification, the negative coefficients in specifications (1) and (2) become approximately zero, and the OLS estimate without seasonals becomes 0.26. In short, ignoring seasonals yields a precisely estimated longrun pass-through coefficient of roughly one-fourth; including seasonals, this coefficient is precisely estimated to be zero.
Structural vector autoregressions by fuel spread.
We now turn to an examination of the short-run pass-through dynamics between the net RIN obligation price and the spreads. We initially estimate the pass-through dynamics using bivariate structural vector autoregressions (SVARs), then in the next section compare the SVAR results to ones obtained from distributed lag models.
The SVARs estimate the dynamic response of the two included variables, the net RIN obligation price and the spread, to a structural shock to the net RIN obligation price. Motivated by the discussion in Section 2, we identify the net RIN structural shock by assuming that it is uncorrelated at the daily level with any of the other news determining daily innovations in the spread; this corresponds to ordering the net RIN obligation price first in a Cholesky factorization.
All SVARs include the base set seasonal variables. The SVARs are specified in differences, for two reasons. First, the bulk of the statistics in Table 2 on unit roots suggests that the variables are most plausibly treated as stationary. Second, this evidence is not clear-cut, and the estimates obtained from a levels specification will be consistent under unit roots with or without cointegration, although in the latter cases the levels VAR estimates will be inefficient. Table 4 presents the SVAR estimates of the dynamic pass-through effect, specifically, the structural impulse response of the (level of the) spread to a shock to the net RIN obligation price, for the first 15 business days. As in the levels regression, there is considerable variation in precision across the VARs and, not surprisingly, the estimates of the dynamics are less precise than the estimates of the long-run relations. Still, several interesting patterns emerge. All the SVARs indicate that roughly half to two-thirds of the RIN price is passed through to the wholesale spread in the first day, and by the end of the business week the estimated pass-through is approximately 1, albeit quite imprecisely estimated for some of the series. As in the levels regressions, the most precise estimates are for the Gulf diesel-Gulf jet fuel spread and the Gulf diesel-Rotterdam diesel spread.
Because the wholesale fuels markets are deep and many of the participants are the same, and because the theoretical effect of the RIN obligation price is the same for each of the spreads, we also estimated SVARs pooled across the wholesale spreads, in which the SVAR coefficients on the spread and the net RIN obligation price were constrained to be the same for each spread (seasonals were allowed to differ across spreads).
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The pooled SVAR results are given in Table 5 . The structural impulse response functions for diesel and for gasoline both show a large, but incomplete, impact effect, with a pass-through that rises over time, and the two sets of 3-fuel impulse response functions are within a standard error of each other. The 6-spread pooled results estimate a pass-through of 0.71 in the first day, rising to 0.90 after five business days. Even with pooling, the dynamic effects remain less precisely estimated than the levels long-run estimate, however there is substantial evidence consistent with large, but initially incomplete pass-through, that becomes complete pass-through after roughly one week.
SVAR results for retail fuels are given in Table 6 . The first three columns present different SVARs using daily data; the fourth column estimates a SVAR using weekly data (weeks ending in Tuesday, specified in first differences as an additional specification check). As is the case in the levels regressions, the SVAR results for E85-E10 are quite different than for the wholesale spreads. With or without seasonals, there is little evidence of pass-through within a week, although without seasonals there is evidence of perhaps 20% pass-through after three weeks in both the daily and weekly regressions. In the weekly regression, even after 8 weeks the pass-through is only 0.29, consistent with the more precise estimates of long-run pass-through obtained from the levels regressions in Table 2 without seasonals. If seasonals are included, then the dynamic pass-through of RIN prices to E85 is essentially zero.
Finally, theory predicts that E10 prices should not be affected by RIN prices, and that is what is found in the SVAR in the final column of Table 6 .
Distributed lag regressions by fuel spread. An alternative approach to estimating the dynamic effect of a change in the net RIN obligation price is to use distributed lag regressions.
As an additional check, these regressions are specified in first differences. The distributed lag regressions are of the form:
,,
where i varies across the spreads,  i (L) is a lag polynomial, W t are additional control variables in some of the specifications, and The results for the individual spreads are summarized in Table 7 . For comparability to the VAR results, the specifications include seasonal controls and are estimated over the full sample, and include the current value and fifteen lags of the net RIN obligation price so as to estimate the first fifteen cumulative dynamic multipliers. In general, the results for the individual spreads are consistent with those for the counterpart SVAR impulse response functions, although the estimates from the distributed lag regressions, which have more coefficients than the SVARs, have larger standard errors and are less smooth. For the wholesale fuels, the results are consistent with complete pass-through, although the estimates are imprecise. For the E85-E10 spread, the dynamic pass-through over these first three business weeks is precisely estimated to be small, and is statistically indistinguishable from zero. Also consistent with the previous results, there is also no evidence of pass-through from RIN prices to E10 prices.
Results for pooled distributed lag regressions are given in Table 8 . The estimates are comparable to those from the SVARs, although (like the individual distributed lag estimates) have larger standard errors and are less smooth.
Appendix Tables A1 and A2 present 
there is little evidence that E10 prices move with RIN prices, and (e) the pass-through of RIN prices to E85 is small, and once seasonals are accounted for, is roughly zero.
Discussion and Conclusions
Taken together, these results support the view that RIN prices are passed through quickly, but not immediately, into the wholesale prices of obligated fuels. Based on the pooled, six-fuel SVAR, 57% of a shock to the price of the RIN obligation is passed through in the same day, rising to 97% after six business days (standard error of 31 percentage points). The pooled longrun pass-through estimate is 1.01 with a standard error of 0.12. This rapid and complete passthrough is consistent with economic theory and with efficiently operating wholesale fuels markets.
The results for E10 are also consistent with economic theory: the net RIN obligation of E10 is negligible, and there is no statistically discernable movement of E10 prices with RIN prices.
In contrast to these results, there appears to be little or no pass-through of RIN prices to E85 retail prices. Because the variation in the E85-E10 net RIN obligation price is very large during this sample, this absence of pass-through is precisely estimated, however whether the estimate is zero or roughly 30% depends on whether the results adjust seasonal fluctuations or not, respectively. The presence of seasonals in E10 prices and in the other fuels, and in the 20 physical composition of E85, suggests that seasonals should be included in the specifications, which leads to a precise estimate of no pass-through.
This analysis is subject to several caveats. Throughout, identification of the pass-through coefficients is predicated on some aspect of exogeneity of RIN price movements, for example the SVAR analysis identifies unexpected changes in RIN prices as arising from features related to the RFS or biofuels markets. We argued that this is plausible given unique features of the biofuels market and the RFS during this data span, in which RIN prices fluctuated due to policy developments, fundamentally, changing perceptions of how the blend wall would be handled within the RFS program. To the extent that RIN prices moved because of broader economic or petroleum market developments that would directly affect the spreads, this identifying assumption would be brought into question.
One implication of these results, discussed in detail in Burkholder (2015) , is that an obligated party with a net RIN obligation, such as a merchant refiner, is able to recoup their RIN costs on average through the prices they receive in the wholesale market, although this mechanism would not be apparent on the balance sheet of the obligated party because there is no explicit revenue line item offsetting the explicit cost of purchasing RINs. Even with full passthrough, however, an obligated party could face RIN price risk because of timing differences between when the RIN obligation is incurred and when RINs are acquired.
To us, the most intriguing and challenging finding here is the near absence of passthrough of RIN prices to retail E85 prices. While RIN prices might be passed through at some retail outlets at some times, this is not the case on average using national prices. The goal of the RFS program is to expand the use of low-carbon domestic biofuels, and the key economic mechanism to induce consumers to purchase high-renewables blends is the incentives provided by RIN prices. If the RIN price savings inherent in blends with high biofuels content are not passed on to the consumer, then this key mechanism of the RFS is not functioning properly.
Obtaining a better understanding of the disconnect between fluctuations in RIN prices and pump E85 pricing is an important question for understanding how to achieve efficiently the goals of the RFS. The data are daily and the full sample is Jan. 1, 2013 -March 10, 2015. In the OLS regressions, the dependent variable is the spread and the regressor is its net RIN obligation. The coefficient and standard error are on the level of the RIN-predicted spread. DOLS regressions additionally include five leads and five lags of the first difference of the RIN-predicted spread (coefficients not shown). The seasonal controls are sins and cosines evaluated at the first four seasonal frequencies, the augmented seasonals add the fifth and six seasonal frequencies. DOLS and OLS standard errors are Newey-West with 30 lags. The DF-GLS and ADF statistics test the null hypothesis that the dependent variable (the spread) has a unit root, against the alternative that it is stationary (intercept, no time trend, maximum of 6 lags, lagged determined by AIC); DF-GLS uses asymptotic critical values, ADF uses MacKinnon critical values. The Engle-Granger statistic is (the Engle-Granger augmented ADF) tests the null of no cointegration against the alternative of cointegration, using asymptotic critical values. Tests/coefficients are significant at the * 10% **5% ***10% significance level. Notes: Entries are cumulative structural impulse responses, with asymptotic standard errors in parentheses. Spreads and RIN obligations are specified in levels. The RIN price shock is identified by assuming it equals the RIN obligation price innovation (i.e. the RIN obligation ordered first in Cholesky factorization). Coefficients are significant at the *10% **5% ***1% level. Notes: Entries are cumulative structural impulse responses, with parametric bootstrap standard errors in parentheses. VARs for all indicated spreads are constrained to have the same coefficients, including the same impact coefficient. All VARs have 4 lags, exogenous seasonal controls, and are estimated in levels. The RIN price shock is identified by assuming it equals the RIN obligation price innovation (RIN obligation ordered first in Cholesky factorization). Coefficients are significant at the *10% **5% ***1% level. Notes: Entries are cumulative structural impulse responses, with asymptotic standard errors in parentheses. For the E85-E10 spread, the variables are the spread and its net RIN obligation. For the E10 VAR, the variables are the E10 price and the D6 RIN price. All VARs with daily data are estimated in levels. The weekly VAR is estimated using end-of-week data, for weeks ending on Tuesdays, and is specified in first differences. The RIN price shock is identified by assuming it equals the RIN obligation price innovation (i.e. the RIN obligation ordered first in Cholesky factorization). Coefficients are significant at the *10% **5% ***1% level. Notes: Entries are cumulative dynamic multipliers and standard errors from distributed lag regressions of the change in the spread on the change in the net RIN obligation (contemporaneous value and 15 daily lags), including seasonal controls. The data are daily and the full sample is Jan. 1, 2013 -March 10, 2015. Standard errors are Newey-West with 15 lags. Significant at the *10% **5% ***1% level. Notes: Spread regressions in a given column are constrained to have the same distributed lags across spreads; seasonal coefficients are not constrained to be the same across spreads. Estimation is by constrained OLS. Standard errors are Newey-West (15 lags).
Coefficients are significant at the *10% **5% ***1% level.
Appendix Tables   Table A- Notes: The data are daily and the full sample is Jan. 1, 2013 -March 10, 2015. All regressions are of the form of a transformed spread (five-day or one-day differences) on the value of the RIN obligation for that spread (five-day or one-day differences), either contemporaneous or contemporaneous and lags. The first differences distributed lag specifications have 15 lags, the first ten cumulative dynamic multipliers are reported, and the 15-day cumulative multiplier is reported as "Sum of coeffs"; in regression (6), the current through fifth lag of the change in Brent prices are also included. Standard errors are Newey-West with 15 lags. Significant at the *10% **5% ***1% level. 
